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Summary 

A series of adenovirus type 5 (Ad5) deletion, inser- 
tKMi and subsUtution mutants, some of which are 
defective for transformation of rat cells, have been 
isolated. The mutants were selected as variants 
which lack the Xba I endonuclease deavsge site at 
4 map units on the Wral chromosome. The deletions 
range in size from 150-2300 bp and are located 
between 1.5 and 10^ map units. The mutants can 
be propagated in 203 cells (Ad5-transformed hu- 
iron embryonic kidney ceHs). but are defecUve for 
growth In HeLa or human embryonic kidney cells. 
No viral DMA synthesis was observed in mutant 
virus-infecled HeLa cells. All but one of the deletion 
mutants tested wrere defective for transformation of 
rat embryo and rat embryo brain cells. 

Introduction 

Several lines of evidence indicate that the adenovirus 
9ene(s) which mediate cellular Inansformatlon are k>^ 
cated at the left end of the conventional adenoviais 
genetic map. Ad2 left end sequences are consistently 
present (Galllmore, Sharp and Sambfook, 1974) and 
transcribed (Flint, Galfimore and Sharp. 1975; Rinl et 
aJ,, 1976) in transformed rat cells. Other regions of 
the viral genome need not be present. Furthermore, 
rat kidney cells can be transformed using a 0.08 
fractional length DNA fragment (Hind HI fragment G) 
derived from the left molecular end of the viral chro- 
mosome (Graham ©t al., 1 974). 

Mutations in the left end region of the viral genome 
should help to delineate the role of viral gene functions 
in cellular transformation. Very few mutants have been 
isolated which contain lesions In this region. Many 
temperature^nsitive mutants of Ad2 and Ad5 have 
been isolated (see Ginsberg and Young, 1977), and 
several of these mutations affect the frequency of viral 
transformation (Wilkie. Uslacelebi and Williams. 1 973- 
Ginst>erg el al., 1974). but none map in the left end 
8% Of the viral genome. Several host range mutants 
have been isolated whose lesions are located In this 
region (Hanrison, Graham and WilKams. 1977). These 
mutants probably contain single base pair substitu- 
Hons and f onn two complementation* groups. One 
group maps between 0 and 4.5 map units by marker 
rescue; the other maps between 0 and 24 map units 
(Frost and Williams, 1 078). 
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We have recently described a protocol for the iso- 
lation of mutants which preexist in viral DNA prepa- 
raMorts (Jones and Shenk. 1978). This procedure is 
based on the loss of restrtelion endonuclease cleav- 
age sites- We have used this procedure to isolate Ad5 
mutants which lack the )Cba 1 endonuclease cleavage 
site at 4 map units. These mutants enjoy the advan- 
tages of both condilionaNethal and deletk)n muta- 
tions. They grow to wikl-type level titers on 293 cells 
(Ad&4ransformed human embryonk; kidney cells- 
Graham et al., 1977) but will not replicate in HeLa 
cells; they contain substantial alterations whfch are 
easily mapped; and they are nonleaky and thus can 
be used to infect HeLa ceils at high multiplicity to 
investigate the molecular nature of their defects. 

Results 

Isolation of Xt>a I Endonuclease-Reslstant Mutants 
Xba I cleaves Ads DNA at four sites; 4, 29, 79 and 85 
map units (Figure la). The site at 4 map units is 
located within the left end region of the AdS genome 
which contains a gene (or genes) responsible for 
cellular transformation. Our objecth/e was to isolate 
mutants lacking tttts cleavage $ite. 

Mutants lacking restrkition endonuclease cleavage 
silBs can be isolated from a population of wild-type 
AdS DNA (Jones and Shenk. 1978). To select mu- 
tants, a preparation of AdS DNA is cleaved with a 
restriction endonuclease and the fragments are re- 
joined with DNA llgase. The modified DNA is used to 
infect cells in a DNA plaque assay and the resulting 
vjoJS clones are screened for mutants which lack the 
cleavage site recognized by the restriction endonucle- 
ase. This procedure exerts a strong selection for such 
molecules tjocause fewer ligation events are required 
to regenerate a complete mutant DfOA molecule fit 
was Initially cut into fewer pieces) than to produce an 
intact wild-type DNA. 

This selection procedure is useful only for restriction 
endonudeases wfWch cleave AdS DNA at a limited 
number of sites. If too many fragments are generated, 
infBctk)US DNA molecules will not be reassembled at 
. a detectable level. For ihis reason we used sub304 
DNA as our starting material to select Xba Kreslstant 
variants* This vial>le substitution mutant was selected 
as lacking ttie Eco Rl cleavage site at 83.5 map units 
(Jones and Shenk, 1978), Ite deletion extends from 
to 85 map urtts, and It lacks the Xba I cleavage 
site at as map units. As a result, sub304 DNA Is 
cleaved at only three sites by Xba I, generating a 
fu^ad D/C fragment (Figure 1 h). 

Sub304 DNA was cleaved with Xba I, the fragments 
were rejoined with T4 DNA ligase and the modified 
DNA was used to infect cells In a DNA plaque assay. 
Only one mutant (300) was isolated in this experiment. 
The DNA of this mutant is cleaved at only two sites by 
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Xba I, generating B, E and a fused A/O/C fragment 
(Rgure 1b). Thus mutant 308 lacks bath the 85 and 
79 map unit cleavage sites. It is viable, and the alter- 
ation at 79 map units i3 either a very small deletion or 
a single base pair substitution. 

Another round of mutant selection was carried out 
by cleaving and ligating mutant 308 DNA. The two 
mutants selected in this experiment were 309 and 
31 1 . When mutant 309 DNA was cleaved with )Cba I, 
two fragments were generated: an E fragment and 
fused B/A/D/C fragment (Rgure lb). Thus mutant 
309 DNA lacks the cleavage ate at 29 map units in 
addition to the sites at 79 and 85 map units. Again, 
the mutant is viable and its alteration at 29 map units 
\9 either a small deletion or single base pair subslrtu- 
tion. Mutant 31 1 was the first of the class of mutants , 
for which we were searching. This DlMA was cleaved 
by Xba I to generate two fused fragments: an E/B and 
an A/D/C fragment (Figure lb). Thus this mutant 
DNA lacks the cleavage site at 4 map units in addition 
to the sites at 79 and 85 map units. 

Mutant 309 DNA was then cleaved with Xba I and 
the cleaved DNA was used to infect cells in a DNA 
plaque assay. Only Xba l-resistant DNAs remained 
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P*Oi*ei. EtertFDphoretks Analysis of Fragironts Produced by Cto 
ago of VWId-TyDe end Mutant ONA* with Xba I 

CaJ Xbaldsflwaoemopof Ad5Cm.(b)DNAfr(0.5/i9}w^ctea<^ 
and the resgttif^ fragments wera analyzed by electrophoresis lar 16 
hf ai 40 V on 0.8% BQarose gela. 



intact and Infectious after cleavage. Since mutant 309 
DNA contains only the 4 map unit cleavage site, this 
manipulation enabled us to isotete easily a series of 
mutants lacking that site. 

Deletion, Insertion and Substitiifa'on Mutants Were 
Isolated 

The mutants which lack the Xba I cleavage site were 
first analyzed by deavage with Hind III (Rgure 2). 
Mutants lacking the Xba I site at 4 map units should 
contain alterations within the Hind lll-G fragment (the 
segment from 0 to a map units)- The Hind lll-G frag- 
ments of mutants 31 1 and 31 2 migrate faster than the 
corresponding wild-type fragment (Figure 2), indicat- 
ing that they are smaller than me wild-typa fragment. 
Digestion of mutant 313 and 315 DNAs with Hind III 
produced fused E/G fragments, indicating that these 
mutants contain deletions which extend from the Xba 
I site at 4 map units across the Hind III site at 6 map 
units (the junction fc^etween the Hind lll-G and -£ 
fragments). When heter oduplex DMA molecules were 
prepared between mutant 315 and wild-type DNAs 
and examined in the electron microscope (data not 
shown), they were found to contain sutistituHon loops. 
Thus mutant 31 5 lacks a segment of adenovirus DNA 
which incJudes the Xba I and Hind III cleavage sites at 
4 and B map units, respectively, and has acquired a 
new Dl^ segment In this region. 

The molecular structures of the mutant genomes 
are diagramed in Figure 3. These structures were 
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DNAs (0.5 pa) wera cleaved and Die resuning tnaemcnte were ana- 
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deduced from restriction endonuctease cleavage 
analysis and electron microscopic heteroduplex msip- 
ping. Mutant 31 0 lacks the Xtia I site at 4 map units 
iHJt we did not detect a deletion in this mutant when a 
frasment as ^all as Hpa (0^.5 map units) was 
examined. A small deletion could have gone unde- 
tected; alternatively, these mutartfs may simply con- 
tain a single t>ase pair change wmn the recognition 
site of the endonuclease. Mutant cW311 lacks aljout 
150 bp; this delefion occurs between the Sma I and 
Hpa I cleavage sites (3.5 and 4.S map units, respe<^ 
tively) v»^lch are both present m dJ31 1 DMA. Mutant 
d/312 lacks 1 030 l>p. The ri^ht end l)oundary of this 
deletion lies tjetween the Xba I ate at 4 map units, 
which is missing, and the Hpa I sfte at 4.5 map units! 
which is present the left end is placed at 1.5 map 
units both by subtracting 2.8 map units from the right 
end coordinate (1 map unit is 360 bp) and by mea- 
suring the positton of the defetion toop in d/3l2 x 
wtSOO heteroduplex DNAs. Mutant 3 lacks 2350 
bp. The left end boundary of this deletion lies between 
the missing Xba I site at 4 map units and the Sma I 
site at 3.5 map units (which is present). Measurement 
of the position of the deletton kxip in c//313 X wfSOO 
heteroduplex DNAs places the right end boundary at 
10,5 map units; the Sma i sSs at 11 map units is 
present Mutant <//3i 4 lacks 430 t>p: the Sma I site at 
3.5 map units is present, and both the Xba I and Hpa 
I sites (at 4 and 4,5 jnap units, respecfively) are 
missing. Two substitution mutants wore Isolated 
Sub3^5 lacks I7fi0 bp. The Sma i site at 3.5 map 
units is present; all cleavage sites from the Xba I site 
at 4 map units through the Hind in ^ at 6 map units 
are missing. 5ub3ie lacks 820 bp; this deletion oc- 
curs between the Sma I and Kpn I cleavage sites (3.5 
and 6.0 map units), which are both present. Both 
substitution mutants contain DNA segments that ap- 
pear to have been Inserted at the tocation of the 
deletions. The origin of these inserted segments is 
unknown. Hnally, //)3l 7 contains a 360 bp insertion 
vwth no evidence of a delation. Agiain, the origin of the 
inserted segment is unknown, ms mutant does not 
lack the Xba I site at 4 map unfts, and was apparently 
isolated by chance. 

Deletion and Substrhition Mutants Are Defedhre 
for Growth in HeLa and Human Embryonic Kidney 
Ceils 

The mutants described here were all isolated and 
propagated in 293 cells (Ad5^ransfbnned human em- 
bryonic kidney cells; Graham et aJ., 1977). These 
cells contain and express the fefl end 1 1 % of the Ad5 
O^ome (Graham et al., 1977); as a result they are 
able to complement Ad5 mutants which are defective 
due to alterattons within this left end region- 

To compare the growth of the mutants in Ad5-trans^ 
formed 293 celts to non-AdS-transformed human cells 
(Heu cells), stocks of the viruses were diluted and 
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RgureS. Porttonof mo AdSniyfllcaiW3i0((>-i2M3pynite)sho^^ 
Ihe Ait^ratons Present tn the Mutant DNAs 
The nature of each alteration was ctotonntned from the data In flgvre 
2. dtgestion with lt»e restirlctiOn endonudeases rmficated at me top of 
the physical map (discusBod m fleauitrt and Iw electron microscopic 
heteroduplex mapping (dlscu«*ed flOTuftsX AdS segments which 
hava tieen deleted a^e indicated by heavy insartiona are des- 
ignated 6y iriangtes. Although the detenon^ in dlSi2 and iH313 (and 
Others) are drawn aalr tt>ey ovariap, it ia concelvaWa that they do not 
Both mutants lack the Xba I cJeatraoe site ai 4 map untt*. It is 
Improoawe, but not impossible, that they ladt nonoveilapping por- 
tions of tha 6 bp reeodnition srte of the enzyme. It ia noc known 
Whether (he mutation in mutant SIC I? a »iciy small daietton cr a sincrfa 
basg pair change. This mutation is marked with sw -a". 

plated on both cell types in a plaque assay (Taljle 1). 
The fcvf300 and mutant 310 viiuses did not ©xhitwl 
host range phenotypes; they produced a roughly 
equivalent numt)ef of plaques on both cell types. The 
d/31 1 \^rus stock produced about the same number 
of Plaques as tha wild-type on 293 cells, but the 
plaque number was reduced about 1 000 fold on HeLa 
cells. While all the mutants with larger deletions than 
that in d/31 1 produced wild-type levels-of plaques on 
293 cells, th&y were all markedly defective for growth 
in HeLa cells. Mutants d^3^ 2, d/3l 3 and subSl 5 pro- 
duced no detectable plaques on HeU cells. At a 
multiplk:ity between 1 and 10 pfu per cell, these 
mutants Killed the HeLa ceH monolayers but no mdi- 
vWuaJ plaques were observc^d. Mutants C#314 and 
st/WI 6- produced a few plaques on HeU cefls. but 
only about 10"^ the number produced on 293 cells. 
Virus from plaques generated on HeLa cells by these 
mutants (or by cf/3l 1) exhibited the same host range 
phenotype as the original stock from which they were 
derived. Hence these plaques are not due to the 
presence of revertants in the vims stocks. 

The growth of the Insertion mutant, w3l 7, was only 
moderately restricted in HeLa cells (Table 1). its titer 
differed only at>out 100 foW between permissive and 
nonpermlssive cells- 
Several of the mutant stocks were also tested for 
plaque production on primary human emt>ryonto kid- 
ney (HEK) cells (Table 1). The dW3 and 5ub3l5 
stocks produced a small number of plaques on these 
cells. Evidently a cellular functton expressed in HEK 
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Tabte I. Host DepOTdsnce of Mutants 
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Location" 
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HeLa Cells 
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1.3X10" 


1.2 X 10* 


4.2X10" 


310 




3.0 X 10" 


1.7 X ID* 


1.6X10? 






5.0X10" 


7.0 X 10* 


1.5 XIO^ 


dU3l2 


-1030 bp, 1.5-4^ 


3.0 X 10* 


<5 XIQ* 


<1tf» 


d013 


-2350 bp. 3.5-10.5 


1.2xlO» 


<5 X 10* 


2.5 X 1 0* . 


d»14 


-430 bp. 3.5-5.0 


2.7X10" 


5.0 X 10» 


rrr« 




-1760 bp. 3.5-8,5 


4.5 X 10" 


<5 X 10= 


6.0 X 10* 




-260 bp,3.5-&0 


3.1 X lOf 


S.OX 


fir 


f>l3T7 




4.5 X 10* 


Z.5 X 10™ 


NT" 



^ Location indicatM the boundsriea of the deletion (±0.5 map unW 6n the co^weniioodl Ad5 map 



but not in HeLa cells Is partially able to complement 
the defects in these rtiutants. Similar observations 
have been made with host range mutants of polyoma 
(Benjamin and GolcJman. 1974) and adenovirus (Har- 
rison Qt al., 1977). The d/3l2 virus stock produced 
no plaques on HEK cells. It is probabls that the differ- 
ent response on HEK cells exhibited by d/312 as 
compared to cf/3i 3 and sab3^ 5 is duo to the facr that 
d/312 flacks a DNA segment mainly to the left of 4 
map units; Figure 3) and tf/313 and «ub3i5 (lack 
segments mainly to the right of 4 map units; Rgure 
3) affect different viral functions. This notkm is 
strengthened by the fact that d/3l2 and d/313 com- 
plement each other in mixed infections of HeLa ceffe 
(see below and Figure 5). 

Host Range Deletion Mutants Do Not Synthesize 
Viral DNA in Infected HeLa Cells 
To evaluate the ability of the host range mutants to 
synthesize viral DNA in nonpermissh/e cells, mutant- 
infected cells ynere labeled 6-30 hr after infection. 
Total cellular DNA was prepared and a portion was 
centrifuged to equilibrium in CsCL Whereas c«31 2- or 
d/313-infected 293 ceils contained a prominent 
labeled species with the density characteristic of Ad5 
DNA {1.715 g/cc) in addition to 'mabeled cellular 
DNA (1.705 g/cc), no viral DNA was evident In in- 
fected HeLE cells (Figure 4). We conclude that the 
blocks in the mutant growth cycle prevent normal viral 
DNA synthesis. 

Transfom^on by Deletion Mutants 
The ability of mutant vims to induce focus formation 
in infected rat cells was investigated. Cells were ir>- 
fected; passaged the following day at a 1:6 dilution, 
allowed 16. grow in' nonnal medium until complete 
monolayers formed and then maintained in a low Ca*"*" 
medium. In this medium, transformed cells continue to 



divide and form foci; nontransformed cells do not 
grow. Primary rat embryo cells were infected in the 
first assay (Table 2). No foci were evident on plates 
containing uninfected cells, although cultures infected 
with iv/300. •sub304 (the parent of all the host range 
mutants, lacking ttie region from 83-65 map units), 
31 0 and d/31 1 all contained foci of transformed cells! 
In contrast, no foci were identified on monolayera 
infected with d/3l2. d/3l3 or s£/6315. Simflar results 
were obtained in a second assay parforrned with 
embryonic rat brain cells (Table 2). Using focus for- 
mation as our criterion, we conclude that c^/SI 2. d/3i3 
and &ub3^ 5 are defective for transformation. 

Several of the wfSOO- and cff31l -transformed rat 
embryo cell foci have t>een propagated through ten 
subckinings. The morphological characteristics and 
growth rates of the two types off transformants are 
indistinguishable. The 1 50 bp deletion in d/3l 1 occurs 
within a region represented in early cytoplasmic 
mRNAs (Jones and Shenk, 1 979). Apparently this 
region is not essential for transformation. 

Mutants d;312 and df313 Complement for Lytic 
Growth 

When HeLa cells are infected with ellher'd/312 or 
d/3l 3 virions atone, no viais yield is produced (Figure 
5). Co-infection of HeLa cells with these two mutants, 
however, generates a mbced yield of the two input 
mutants (Figure 5). We condude that dISi 2 and d/31 3 
complement for lytic growth and thus lack different 
functions. 

Discussion 

The deletion mutants descril^ed in this paper display 
host range pher^ctypes. They do r>ot replicate in HeLa ; 
cells, but produce wild-type yiekfs in 293 cells (Tat>le ' . 
1). Harrison et al, (1977) have also reported the* 
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TaWe 2. Transformation Assays on Rat Embryo aod Hal Brain Cefla 



Fiyurs 4. Analysis by EquHlbrlum Density Cenhrifugfitlcn of DMAs 
SynlhfiSlzed m cff31 2- and oEOI^nfeciad Cetta 
MeU Or 293 ceRs (one 100 mm dkmeter plate containing about IO' 
ceBa) were Intecied with eadi mutant virus at a multiply of 40 pfu 
per cea and labelsd with ^ihymitfine (50 pCt per plats) 6-42 m 
after infisclion. DMA was prepared by d^stion of nuclei wHn protein- 
ase K (SO w3/mi in 10 mM Tria-HCl (pH e.OX 1 mM EDTA, 1% SDS. 
ST^C. 5 lirj followed tiy phenct oxtracSon. '^FMabeted Ac»5 DMA 
(1000 com) wa* added to a portion of eac*! f^duiar prepay 
»Ad lha samples were cemril^ to equSibriisii In CsQ [1.70 Q/cc 

imo mM Tris-hD (pH 9), 1 mM H)TA1. ABquotB were collected and 
their rsdk>3c<Mty counted. Data from two gradients [lp~Oi mfected 

293 cellfi. (•—•) Infacled Heu celisj are shown in each paneL THey 
were superimposed t>y aligning the pealts al »*P-labek[d Ad5 DMA. 

The Ad5 marker DMAs (nor ahot*n in figuro) banded at pTBcteely ihe 
locaiioo of the 1.717 g/cc Odalis derived from vlnis^nfected 293 
^ U^feclBd 293 caDs cfid not contain deleclaCte amounts of 
ONA which banded at Ihis posiBon. 

isolation of Ad5 hosl range mutants. Thoir mutants 
were generated by nitrous add and uttravfotet light 
tnutagenesis, and ttiey were screened from the mu- 
tagenlzed population for their atMlity to grow on 293 
but not on HbI^ cells. Their host range mutants 
fonned two comptemerrtation groups, A representative 
group i mutant (/)r1) has J:>een mapped t>y marker 
rescue experiments. It lies within the Hpa l-E fragment 
(0-4.6 map units on the Ad6 chromosome; Frost and 
Williams, 1978). Thus far the phenotype of /?n ap- 
pears similar to that of ctf312, whose deletion is be- 
tween 1 .6 and 4.5 map units (Figure 3). Both mutants 
are defective for growth in HeLa cells; both fail to 
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-lSObo.3.S-4.S 
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32 


dt3^2 


-1030 bp, 1.S-4.S 
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' l^atioo if>dicate&the boundaries of the deletion on the conventional 
AdSmap. 

* The total number of tod on twelve 60 mm ifiamoter plates of primary 
rat embryo ceJfe aro tabulated. 

' The total numt)er of foci on six 60 mm dlamelei' piftte$ of pnmary rm 
brain cells are taDutatsd. 

" NT = not tested. 
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Figure s. Comptemeotation Areiysis of d»72 and di31^ Vruscs m 
Heta Cells 

HeLa ceOs waro infected at a mbmpdcfty of 20 pfu per caB with either 
vhua alone.orco4nfeceedatamuttipfiQtyoriOphipercedw(mescn 
ot tho two viruses. Alter adsorption for GOuiktat 37°C. the mor^ 
layers vrere washed twico with Tris-buffered aafirto, iind medium 
containing S% fetal calf serum was added. Cuitwcv were harvested 
at the Indicated tbnes and the virus liter was measured by plaoue 
adsay on 293 cen$. The absence of wild-type recombinarHs in the 60 
hr d7312 X d3l3 yield was eatatidshed oy pta^ assay on HeLa 

ceHfl. {T> dZSl 2 atone: (A) CB31 3 alone; (♦) CB31 2 X dtOl 3: <•) wtSOO 
alone. 
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synthesize viral DNA in HeU cells Harrison el 
al., 1977; also hr2, Lassam, Bayley and Granam, 
1978; d/312. Figure 4); and both fail to trar>sform 
whole rat embryo or rat embryo brain cells at wild- 
type frequencies C/j/i , Graham, Harrison and Williams 
1978; cfl312, Table 2). The principal difference be-' 
hveen hh and dy3l2 is the magnitude of their host 
range effects. The ratio of plaque formation on HeU 
as compared to 293 cells is about 3 x io*^ for bn 
(Harrison et al., 1 977) and <1 0"^ for c//3l 2 aable 1 1 
Assuming that a single base pair change is responsi- 
ble for the hn phenotype, it would probably be more 
'lealty" than a deletion mutant The exceptionally 
"tight" phenotype displayed by dy3l2 (and several of 
the other deletion mutants), however, is probably due 
in part to inactivatlon of multiple viral functions. Mutant 
dm2 lacks a DNA segment which appears to code 
for portions of several functions (muitiple, overtapping 
Ad2 transcripts have been mapped within this region- 
Chow ei al., 1 977; Beric and Sharp. 1 978). 

The relationship behnfoen the group II host range 
mutants (such as hrS) of Harrison el al. (1977) and 
the mutants reported here is less clear. Mutant hrS 
has been mapped by mariner rescue within the Sal J-B 
fragment (0-24.5 map units; Frost and Williams, 
1978). This mutant is defective for growth in HeLa 
ceils, but grows as effidentiy in untransfbrmed HEK 
cells as in 293 ceJis (Harrison el ai.. 1977). in this 
respect hrS resembles <//3l3 and sub3^^, vi^ose 
defects are partially complemented In HEK cells (Ta^ 
ble 1); hre, however, synthesizes viral DNA in the 
nonpermissive HeU cefls (Lassam et al., 1978) while 
craia and 51/6315 fail to do so (data for dl3l3 in 
Figure 4). C^omplementalion and recombinational 
analyses should help to clarify the relatbnship, ff any 
of C//313 and s£/^315 to the group II mutants of Har- 
rison et aL (1 977), 

As shown in Figure 5, d«1 2 and cf/3l 3 complement 
for lytic growth in HeU ceils. This result was not 
anttcipated because both mutants lack the Xba 1 site 
at 4 map units, and it is probable mat the deletions 
overlap. Nevertheless, the mutations complement, 
and It follows that they after different iyiic functions of 
the virus. Since t>oth mutants are unable to synthesize 
DNA in infected HeU cells, we conclude that there 
are at least two gene products located between 1.6 
and 10.5 map units wNch are required for viral DNA 
synthesis. Thus at least four gene products are re- 
quired for Ad5 DNA synthesis: the hn /dt3i2 product 
(1.5-4,5 map units; Harrison et ai.. 1977; Frost and 
WHiams. 1978; Figure 3). the d/3l3 product (3 5- 
10.5 map units; Rgure 3X the fs36/te149 gene prod^ 
^f^ri^ t'^ir^ and Austin, 

lilt ^n^'VL^^'' ""'^^^ VWIIiams: 

Ik L compfement. W. Colby and T 

Shenk. unpublished-results) and the ts125 product 

El "I^^?'^^' ^» ^ - "'^^^I and 

Williams. 1978). Finally, since d/312 and d/313 com- 



plement for lytic growth and are both defective for 
transformation, it is possible that multiple genes are 
required for transformaHon. Experiments designed to 
tes* this notion by asking whether these hYo mutants 
complement in transformation assays are in progress. 

Analysis of the molecular defects of the host range 
cteletion mutants has produced several interesting re- 
sults. Mutant d/3ia-lnfected Hei^ ceils contain no 
delectable eariy cytoplasmic mRNAs (Jones and 
Shenk, 1 979). There are at least four regions of eariy 
• transcription, and each region contains at least one 
promoter (Evans etai., 1977, Berk and Sharp, 1978). 
Thus the d/312 mutatk)n evidently defines an earty 
viral gene product required for expression of other 
eariy gene products encoded by distant regions of the 
chromosome. 

Mutant C//31 3 lacks a portion of the gene coding for 
protein IX, a hexon-associated virion polypeptide (Ev^ 
eritt et al., 1973) whose mRNA has been located 
behAfeen 9.5 and 11.2 map units on thie viral chro- 
mosome (Pettersson and Mathews. 1977). Mutant 
d/31 3 virions produced in 293 cells conlain no protein 
IX (W, Colby, N. Jones and T. Shenk, unpublished 
data). Protein IX is apparently a nonessentiai compo- 
nent of Ihe virion. Mutant c//3l3 virions, however are 
more thermolabile than wild-type virions. 

CeUSy Vflftis and Ptaquo AsBoy^ 

The 293 cen rme (an AdS-lransfonned human emOryo ceil dne) was 
provIdttJ tv F. aranam and been deecribed (GtBhim et al 
1977X The ceRs were mginiained in Dufbccco^e tpodrfied mintmal 
eaaontlai medrum (CiMEM) containing io% fetal caff serum. HeLa 
cen$ vrore obtained from J. wnfiama. Ti>ey were grown In OMEM 
containing 5% fetal call seram. Humart ©mbryiwifc kidney cells were 
purchaaed from Microbiological Assocfarea. Theae were pfO0- 
agated in DM£m conbmno 1 0% fetal caff terum. The cefls obtfttnad 
from the vendor were passaged iU5} twice before use in pfeqtie 
away*. Whole rat embryo and rat embryo bem ceSs were prepoi-ed 
from 21 day embnros by dl»tetion and hVpanoaTiOn. The ceO$ were 
PTOWaterf m DMEM contalf^ 1 0% fetal calf serum and used tor 
IWiSforinalion assays wHftoiil further subcultitf^ 
(HS wtm> was a pteQueswrffled derrvath^e of a viru* stock origlnany 
oWained from H. Ginabefg. Mutant hs */b304 ^ selected for loaa 
of me eto Fd cleavage she a^ 63.5 map tkmes arxi St*enk, 
1 97BX Thia mumx lacks me region of the AdS chroiDoaome behveen 
83 am^ map units and contain^ an insenion ofceMar DNA at tm 
^te^ CCaWPO*lz precipitation method was used in plaque anafysis 
of nfactfou^ AdS DNA (Graham and Vender Hi. 1973). 

Enzyioes 

Xba I was prepared acconfing to Ihe procedttfe of Zabi and Rotierts 
(ifiTTj. AM other re«hicKon endonucl eases were purrhaaed from 
6eth«tta Research Laha. DNA ttgaso from bacteriophage 74- 
•niocied £. coR was purchased from PL Biocnemicals. Ugalions were 
pe1ormedat17-CforlBhrusl^ conoentralions greatar tnan 
20^/ml m the presopce of 40 Weiss units per ml of enzyme. 

ONAs and Get Electrophoresis 

Vila! DMA was prepared from vWons as deacnbod previously (Jones 
and Shcnk, id/flX AdenQwIrus DNA-protein complex was prepared 1 
by (Bssohrfng virions m gimnidms hydrochtorfde (4 M) and cenirtfuginQ 
the complex to equUIUfium in CaCi containing Qwanidlne hydrochkwkte * 
(4 M) (Robinaon, Youngfiuaiiand and Bellett. 1973X DNA fraomanta 
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produced by cleavsg^ with restriction ondonucteases were separaled 
by dCctrop^torGsis in vertical 0.fi% agarose slab gela cd.3 x 1 2 ^ 24 
cm) ualno Trter-borate buTfer [SO mM Tris-OH, 50 mM boric add 1 
mM EDTA 8.2)1, 

SeteC«on of Mutant* • 

Mutants lacking Xba I cleavage sites selected frOm H5 sub304 
DNA-proiein cOrt0tej( Uy the procodurg of Jones and Shank (1 fi7B}. 
Mutanis lacking the Xba I site at 4 map units were at$o selected by 
Oeavage of H5 imitant 309 DHA-protain complex to completion with 
this enzyma and plating the digestion product direcdy orto 293 ceBs 
In 3 ONA plaque assay, trie t>NA-prolein cOniptex used in tftta 
sefcclion was ^coarcd from mutant 309 vrriona wliich had been 
seriaRy passaged five times without dituttDM through :993 eeHs. The 
virus was serially passased on the assumption that this treatment 
would favor ihe acctimutation of variants camalnkig altered genomes, 

TransfoHnetion Aasays 

Prinwy Cultures of rat embryo or ral embryo brain celts were iftlftcted 
at'a multiprtcity of lO pfti per cell when the cell mondayera were 
about 80% confhjOiTt At 24 hr after infection, each plate sub- 
cutturad (1 :6). At 72 hr after tnlectton. Infected cultures werd ^chad 
from DMEM conlamii^ 10% fClal calf serum to MEM coraaining 0.2 
mM CaCts and 7% calf senim. end were refed with tMa low-catdum 
metfivm hurtce a week (Freeman et at. 1067). Fod of trsnstomied 
cells were evident after 4-5 weeka. and final counts Of toci wore 
made at 6-7 weeks. 
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